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High energy and high power electrochemical energy storage devices rely on different fundamental working 
principles - bulk vs. surface ion diffusion and electron conduction. Meeting both characteristics within a 
single or a pair of materials has been under intense investigations yet, severely hindered by intrinsic 
materials limitations. Here, we provide a solution to this issue and present an approach to design high 
energy and high power battery electrodes by hybridizing a nitroxide-polymer redox supercapacitor (PTMA) 
with a Li-ion battery material (LiFeP0 4 ). The PTMA constituent dominates the hybrid battery charge 
process and postpones the LiFeP0 4 voltage rise by virtue of its ultra-fast electrochemical response and 
higher working potential. We detail on a unique sequential charging mechanism in the hybrid electrode: 
PTMA undergoes oxidation to form high-potential redox species, which subsequently relax and charge the 
LiFeP0 4 by an internal charge transfer process. A rate capability equivalent to full battery recharge in less 
than 5 minutes is demonstrated. As a result of hybrid's components synergy, enhanced power and energy 
density as well as superior cycling stability are obtained, otherwise difficult to achieve from separate 
constituents. 

Li-ion batteries (LIBs) with high specific energy, high power density, long cycle life, low cost and high margin 
of safety are critical for widespread adoption of electric vehicles (EVs) 1 " 8 . A key bottleneck in achieving this 
goal is the limited fast charging ability of LIBs. Rapid charging causes accelerated degradation of the battery 
constituents as well as a potential fire hazard due to local over-potential build-up and increased heat genera- 
tion 9-12 . LIBs have the highest energy density but typically suffer from low power by virtue of reversible 
Coulombic reactions occurring at both electrodes, involving charge transfer and ion diffusion in bulk electrode 
materials 13 . Since both diffusion and charge transfer are slow processes, power delivery as well as the recharging 
time of the LIBs are kinetically limited. On the other extreme, electrochemical double-layer supercapacitors 
(EDLCs), which store energy through accumulation of ions on the electrode surface, have low energy storage 
capacity but very high power density 14 . 

A special category of electrochemical capacitors is provided by redox capacitors (REC), which usually make use 
of electroactive polymers or transition metal oxides 15 " 17 . Here, charge is stored through surface or bulk (pseu- 
docapacitive) redox reactions, similar to LIB materials, yet, with a very fast charge transfer response, similar to 
EDLCs. Although excellent capacity retention for extended cycling can be obtained even at high charge - 
discharge rates 1417 , specific capacity of RECs is typically lower than for LIBs. Moreover, especially in the case 
of electroactive polymer based supercapacitors, excess electrolyte has to be used to compensate the electrolyte 
depletion, diminishing the gravimetric capacity. 

The most intuitive approach to combine high energy and high power density within a single device is to 
combine the different types of energy storage sources. So far, mainly hybridization between EDLCs and LIBs has 
been explored 18 . The electrochemical response of such hybrids has been found to be the sum of the responses of 
the separate components and is schematically depicted in Figure la 19 " 22 . The contribution of components to the 
total stored charge is proportional to the amount of each component, whereas the electrode configuration and 
composition control the power and energy delivery performances 18 . The primary drawback of this approach is 
that power and energy performances are decoupled. At high current densities, the response is dominated by the 
EDLC component, considerably diminishing the energy density of the hybrid device. Utmost, the sloping 
potential profile of the EDLC component in the electrochemical response is detrimental for most of the applica- 
tions where a constant power supply is required. To overcome these limitations, a hybrid electrode, which makes 
synergistic use of capacitor and battery components rather than a merely additive composite, is necessary. 
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Figure 1 | Hybridization principle and materials, (a), Voltage vs. capacity profiles for typical capacitor and battery materials as well as for traditional 
hybridization. The stored charge (Q) is low given the low specific capacity of the capacitive component and the LIB plateau vanishes at high charge- 
discharge rates, (b), Voltage profile of the hybrid PTMA-LiFeP0 4 electrode at a current density of 26 mAh/g hybrid . Both plateaus are discernible in charge 
and discharge and correspond to distinct redox processes of PTMA and LiFeP0 4 . For constituents mass ratio of 1.6, the capacity contribution ratio of each 
component is —1, corresponding to a specific capacity of — 126 mAh/g hybrid . 



While attempts in this direction have been proposed, unfavorable 
choice of components or overlap of redox couples has prevented 
complete realization of a true hybrid electrode 23 ' 24 . The redox med- 
iators, also known as redox shuttle systems, can conceptually provide 
a valuable solution for the above-described limitations 25 ' 26 . Usually, 
these systems are composed of small redox molecules, solubilized in 
the electrolyte or grafted on the surface of active material, capable of 
rapid charge transfer and have been primarily used for electrode 
overcharge protection 27 " 30 . However, the redox shuttle has a little 
contribution to the stored charge and there is little knowledge of 
its effect on the enhancement of the electrode rate performance. 

Here, we show that enhanced battery-capacitor hybrids can be 
constructed by careful choice of the super-capacitor and battery 
components. To materialize this idea, we hybridized lithium iron 
phosphate (LiFeP0 4 ) battery material with poly(2,2,6,6-tetra- 
methyl-l-piperinidyloxy-4-yl methacrylate) (PTMA) redox capa- 
citor. The hybrid electrode displays two distinct charge - discharge 
plateaus consistent with redox processes in LiFeP0 4 and PTMA 
constituents (Fig. lb). We show that the excellent synergy between 
the PTMA and LiFeP04 gives best-of-both-worlds performance 
characteristics: high energy and power capacity, over-polarization 
protection, unique input power-leveling capability as well as fast 
and stable recharge for more than 1,500 cycles. The key design prin- 
ciple behind the hybrid battery concept is rapid electrochemical 
response combined with higher working potential of PTMA. 

Hybrid design and electrochemical performance. PTMA is com- 
monly used as the main component of the organic radical battery due 
to the radical nature of the charge storing nitr oxide group 31 . Its 
theoretical specific capacity is 111 mAh/g with a flat-potential 
profile response at an average voltage of 3.6 V vs. Li/Li + (Fig. lb). 
Electron transfer kinetics of the nitroxide radical has been measured 
as high as 10" 1 cm/s, resulting in ultra-fast charge transfer within the 
radical polymer layer 32,33 . The PTMA used in this study displays long 
cycle lifetime, ultra-fast rate capability and low electrode polarization 
at elevated rates (supplementary information: materials and methods 
and Figs. S1-S6). In contrast, LiFeP0 4 is a crystalline inorganic 
material with limited bulk electrical conductivity and anisotropic 



Li + diffusivity 34 " 37 . Its high theoretical specific capacity of 170 
mAh/g, flat Li + de/intercalation plateau potential at 3.4 V vs. Li/ 
Li + (Fig. lb) and the abundance of the constituent materials has 
made LiFeP0 4 one of the most sought after battery material for 
future EVs 38,39 . While high power LiFeP0 4 can be designed by 
properly tailoring the size and the crystallinity of the particles, 
adding surface carbon coating or excess conductive additives as 
well as by molecular doping 40 , intrinsically, PTMA still displays 
much higher power performances due to its ultrafast electron 
transfer kinetics and electrolyte swelled gel-like morphology 
allowing for high ionic diffusivity 33 ' 41 " 43 . We expect that propor- 
tionally enhanced performances of the hybrid LiFeP0 4 -PTMA 
configuration will be obtained by improving the power capabilities 
of separate or both components. 

The cyclic voltammetry response of the hybrid electrode is pre- 
sented in Figure 2a (supplementary information: Fig. S7 shows the 
full scan rate range). Two sets of distinct peaks (both, in reduction 
and oxidation) are clearly visible at low scan rates, consistent with the 
charge - discharge plateaus observed in the galvanostatic cycling 
(Fig. lb). At higher scan rates, however, different behavior is 
observed for anodic and cathodic processes. Figure 2b shows the 
cathodic peaks positions as a function of the scan rate for the hybrid 
electrode. While the separation between the anodic voltages 
increases (Fig. 2a, see also supplementary information: Fig. S8), the 
two cathodic peaks merge into a single peak, dominated by the 
PTMA cathodic process. An electrode based only on LiFeP0 4 will 
reach unsafe levels of voltage polarization even at moderate scan 
rates (dashed curve in Fig. 2b; see also supplementary information: 
Fig. S9 for single constituent electrode characterization). In contrast, 
the cathodic polarization of the hybrid electrode is significantly lower 
than that of a pure LiFeP0 4 electrode, especially after the LiFeP0 4 
and PTMA cathodic processes merge around 0.8 mV/s. It should be 
noted that even if the LiFeP0 4 cathodic peak cannot be perceived, 
LiFeP0 4 undergoes the oxidation process at high scan rates. This is 
fundamentally different from the single LiFeP0 4 constituent elec- 
trode configuration where the fast polarization increase will drive the 
electrode potential outside the safe voltage range preventing the 
redox reaction. This gives a significant advantage to the hybrid 
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Figure 2 | Cyclic voltammetry of the hybrid electrode, (a), Voltammograms recorded between 2.5 and 4.5 V vs. Li/Li + at different scan rates. The two 
cathodic peaks are separated at low scan rates and overlap at higher scan rates, (b), Cathodic peaks position function of the scan rate for the hybrid 
electrode. Red arrow marks the onset of the overlapping region. No distinct LiFeP0 4 redox peak is observed beyond, (c), Cathodic peak current function 
of the scan rate for the hybrid electrode. The slope of the log-log dependence is indicative of the charge transfer kinetics. The dashed curves in (b), and (c), 
are extrapolated from the voltammetry scan of the LiFePQ 4 electrode (see SI). 



configuration: the overall electrode potential being limited by 
PTMA, avoids the voltage abuse on LiFeP0 4 particles accentuated 
at high rates, ultimately circumventing the degradation of the 
LiFeP0 4 44 . 

The relationship between the peak current intensity and scan rates 
provides insight into the electrode redox kinetics. Figure 2c shows the 
log(/) versus log(v) plot for the hybrid electrode where i is the peak 
current and v is the scan rate. The current follows a power law 
dependence function of scan rate i ~ v p . The power coefficient p is 
indicative of the charge storage kinetics in the electrode 45 . The PTMA 
cathodic current shows a linear dependence (p ~ 1) indicative of very 
fast, surface controlled kinetics corroborating the high counter-ion 
mobility as well as the ultra-fast electron transfer kinetics of the 
nitroxide radical 4 ' 32 ' 33 . At higher scan rates, a slow deviation is 
observed mainly attributed to the ohmic contributions (supplement- 
ary information: Fig. S8). In turn, LiFeP0 4 displays diffusion -con- 
trolled response (p ~ 0.6), further limited at higher scan rates 
(supplementary information: Fig. S8). In the hybrid electrode, both 
constituents follow their intrinsic behavior prior the convergence 



point while after, the charge storage kinetics is as well dominated 
by the PTMA constituent. This highlights one of the fundamental 
characteristics of the hybrid electrode: at high scan rates or, in other 
words, under fast redox kinetics, the cathodic process (polarization 
and charge transfer rate) is exclusively dominated by the PTMA 
redox. It should be mentioned that the intrinsic properties of the 
used LiFeP0 4 are not being modified in the hybrid configuration, 
it is the synergy of both components renders the apparent power 
enhancement of the LiFeP0 4 component. 

This synergy between the constituents in the hybrid electrode 
enhances the power and energy characteristics as well as significantly 
improves the cycling stability at high charge rates. The capacity 
retention plots (Fig. 3a) show that the hybrid electrode has enhanced 
rate performance than LiFeP0 4 and stores more charge than PTMA 
(see Supplementary information: Figs. S10 and SI 1 for electrochem- 
ical performance of other hybrid electrode configurations). Ulti- 
mately, the power and energy density of the hybrid electrode can 
be precisely balanced by the respective amount of constituents, to 
fulfill the targeted application requirements. Furthermore, the 
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Figure 3 | Electrochemical properties of the hybrid electrode. 

(a) , Capacity retention function of C-rate and applied current density 
(symmetrical charge - discharge conditions) for LiFeP0 4 , PTMA and 
hybrid electrode. The green and black top axes correspond to PTMA and 
LiFeP0 4 respectively. The rate of 1 C corresponds to 100, 170 and 

130 mAh/g for PTMA, LiFeP04 and hybrid electrode respectively. 

(b) , Capacity retention at a charge - discharge rate of 5 C for LiFeP0 4 , 
PTMA and hybrid electrodes. Inset: voltage profiles for the hybrid 
electrode at 1 st and 1,000 th cycle. 

hybrid electrode shows dramatic cycling stability enhancement at 
high recharge - discharge rates: only 12% capacity loss after 1,500 
cycles at rate of 5 C. It is clear that the hybrid electrode has prolonged 
cycle life similar to the PTMA electrode rather than LiFeP0 4 
(Fig. 3b). The voltage profiles for the hybrid electrode at the 1 st and 
1,000 th cycle (inset to Fig. 3b) show that there is no preferential 
degradation of any of the constituents. It should be noted that here 
as well, the hybrid electrode configuration and composition strongly 
impact the electrode performance (see also supplementary informa- 
tion: figs. S12-S16 for details). 

Fast charge storage mechanism. In addition to improved cycling 
and rate performances, we detail on a unique fast charge storage 
mechanism the hybrid electrode, which is schematized in Fig. 4a. 
The cyclic voltammetry analysis (Fig. 2) implies that the fast 
charge in the hybrid electrode is controlled by PTMA, i.e. limited 
polarization resulting in postponed LiFeP0 4 voltage rise and high 
charge transfer rate. When a charge current is applied on the hybrid 
electrode, the polarization of PTMA and LiFeP0 4 overlap above the 
equilibrium values and both components are charged (or, oxidized). 
However, the faster redox kinetics of PTMA results in excess 
charging of the PTMA component. When the current supply is 
stopped, the potential of both components in the electrode tends 
to reach their equilibrium open circuit potential. However, the 
electrochemical potential of the PTMA/PTMA + redox couple 
(3.63 V vs. Li/Li + ) is higher than that of LiFeP0 4 /FeP0 4 (3.44 V 
vs. Li/Li + ). The transient configuration is thus thermodynamically 
not favored and forces the spontaneous oxidation of LiFeP0 4 in 
the presence of PTMA + up to the complete consumption of the 
later. According to the first law of thermodynamics the overall 



state-of-charge (SOC) of the electrode will remain unchanged, 
mainly the PTMA/LiFeP0 4 charged species ratio will change (see 
also Fig. 4c). 

To better understand this process, we have monitored the relaxa- 
tion voltage of the hybrid electrode charged at different rates and to 
different SOCs. Figure 4b shows the open circuit potential (OCP) 
relaxation curves. After the initial voltage drop, a monotonic decay 
region is detected from —3,8 V to —3,6 V, followed by an abrupt 
descent to —3,44 V. From coulometric titration (supplementary 
information: Fig. SI 7) we identified the equilibrium OCPs in the 
hybrid electrode. Though the electrode is not at equilibrium, during 
the relaxation, the OCP value is proportional to the amount of 
PTMA + species (supplementary information: Figs. SI 7 and SI 8). 
After the complete consumption of PTMA + , a sudden OCP drop 
is noticed and the electrode potential stabilizes at the LiFeP0 4 equi- 
librium OCP (3.44 V). For 1 : 1 (capacity ratio) balancing of the 
electrode components, charging below 50% SOC will always result 
in an OCP relaxation drop at 3.44 V, i.e., at equilibrium, LiFeP0 4 will 
be primarily charged (the 50% SOC is schematized in Fig. 4a). 

To further support this mechanism, we have analyzed the galva- 
nostatic response of the hybrid electrode. Figure 4c shows the voltage 
profiles for the hybrid electrode charged at a rate of 45 C and dis- 
charged at various rates. During the slow discharge (0.2 C), mainly 
LiFeP0 4 contributes to the delivered capacity. The same situation is 
observed for the fully relaxed electrode (Figure 4b, 45 C, 44% SOC). 
Augmenting the discharge rate (0.35 C-1.4 C) increases the PTMA 
contribution to the discharge at the expense of LiFeP0 4 , whereas the 
total discharge capacity of the hybrid electrode is not found to vary 
significantly - confirming that the electrode SOC remains 
unchanged, and only the PTMA/LiFeP04 charged species ratio var- 
ies. Increasing further the discharge rate augments the relative con- 
tribution of PTMA to the total discharge, with a preponderant 
response of PTMA at high rates. The asymmetry in the charge - 
discharge behavior is associated to the internal redox relaxation 
mechanism (see also supplementary information: Fig. SI 9). The dis- 
charge process is concurrent with the internal redox relaxation. 
Hence, PTMA has two possible routes for reduction: either by trans- 
ferring the charge through the external circuit or by spontaneously 
reacting with LiFeP0 4 . For example, after the 45 C current pulse, the 
full relaxation in the hybrid electrode is reached within approxi- 
mately 5 minutes (Fig. 4b). On the other hand, the time required 
to discharge the respective electrode at a rate of 0.2 C is approxi- 
mately 2 hours. The time scale difference is significative, meaning 
that the PTMA will preferentially follow the internal redox relaxation 
route. At higher discharge rate however, the duration required to 
discharge the electrode becomes comparable or even lower than 
the internal redox relaxation duration and PTMA dominates the 
discharge voltage profile. 

The internal redox relaxation involving PTMA discharge (reduc- 
tion) and LiFeP0 4 charge (oxidation) is favored by the hybrid elec- 
trode configuration (supplementary information: Fig. SI 8). The 
intimate contact between the components ensures an efficient elec- 
tron transfer and ionic diffusion interface during the relaxation reac- 
tion. In fact, LiFeP0 4 can support fast redox reaction, consistent with 
high Li + diffusivity found in single particle experiments and using 
first principle methods 34 ' 46 . Moreover, when reduced, PTMA liber- 
ates PF 6 " counter-ions in the electrolyte, whereas LiFeP0 4 releases 
Li + ions when oxidized. During the relaxation, both reactions occur 
with a perfect stoichiometry. The nanometer separation between the 
reaction sites in the hybrid electrode ensures fast equilibration of 
ionic species. Different hybrid configurations also display the 
internal redox equilibration process however, with different time 
constant owing to the spatial separation of the constituent materials 
(Supplementary information: Fig. SI 8). This should help further 
design of enhanced hybrid electrodes and better understand the 
redox and diffusion processes in battery electrodes at nanoscale. 
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Figure 4 | Charge storage mechanism in the hybrid electrode, (a), Schematic representation of the fast charge - relaxation process. The green and black 
half- cylinders are indicative of the stored charge in PTMA and LiFeP0 4 respectively. The relative position of the red disk indicates the polarization of the 
constituents in the hybrid electrode. Except during the charge, the polarization is actually the equilibrium OCP for each component. Fast charging leads to 
a thermo dynamically unstable configuration, characterized by evanescent co-existence of high potential PTMA + with low potential LiFeP0 4 species 
forcing an internal charge transfer equilibration. The depicted situation is representative of 50% SOC, i.e., at equilibrium, only the LiFeP0 4 component 
will be charged, (b), Relaxation curves after charging the hybrid electrode at different rates and to different SOC. (c), Voltage profile at different discharge 
rates (the curves are shifted for clarity). For every discharge, the charge rate was 45 C. 



Fast battery charging via relaxation control. Since fast charging of 
batteries is utmost important for widespread adoption of electric 
vehicles we studied the hybrid electrode performance under fast 
charging conditions. An exciting feature of the hybrid electrode is 
that the difference in the redox potentials between the hybridized 
materials will always lead, at equilibrium, to the preferential charging 
of LiFeP0 4 at the expense of PTMA. Nonetheless, PTMA is the faster 
recharge component resulting in a highly relevant practical fact: 
whenever the electrode needs to be recharged, the rapid response 
of PTMA will ensure the fast recharge. A combination of pulse 
charge and relaxation of PTMA-LFP hybrid electrode was studied 
to estimate the rapid charging protocol and was found to lead to 
elevated electrode SOC in short time intervals. Interestingly, the 
SOC can be controlled here by adjusting the relaxation time. A 
typical sequence is shown in Figure 5a (see also supplementary 
information: Figs. S20-S22) consisting in the application of 
consecutive current pulses of 30 C, 10 C and 3 C, with different 
relaxation periods in between. For each pulse, different charge 
rates have been used here in order to maintain the same current 



density experienced by the remaining uncharged material. After 
the first current pulse (30 C charge) both electrodes reach 
approximately 63% SOC. The charge voltage profiles are similar 
and the ratio of redox species are expected to be identical by the 
end of the first charge sequence. It is the duration of the sub- 
sequent relaxation step that induces the difference. If the internal 
redox equilibration is allowed to occur for 30 minutes (top plot), 
during the second charge sequence (10 C charge), the average 
voltage is 3.75 V and the attained SOC is close to 90%. Whereas if 
only 30 seconds relaxation is allowed (bottom panel) a lower SOC is 
reached (81%) and the average charge voltage is higher (3.85 V). 
Clearly, the availability of uncharged PTMA (or the amount of 
regenerated PTMA) positively impacts the fast recharge capability 
of the hybrid electrode. The same behavior is observed for the last 
relaxation - charge sequence: higher SOC at lower charge voltage and 
lower SOC at higher voltage and for 30 minutes and 10 seconds of 
relaxation time respectively. 

The apparent charging time for both situations is one hour and 5 
minutes resulting in approximately 96% and 90% SOC respectively. 
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Figure 5 | Fast recharge of the hybrid electrode, (a), Voltage profile during charge (green) and relaxation (gray) sequences. Top panel: relaxation periods 
of 30 minutes; bottom panel: 30 and 10 seconds. The effective charge duration for each step is highlighted. The apparent charge time is 1 hour and 5 
minutes respectively, (b), Corresponding discharge profiles (red curves, rate of 1 C) as well as the discharge profile for constant- current charge mode for 
an equivalent period of time, 1 hour and ~5 minutes respectively (grey curves, rate of 1 C). 



Alluring, charging in constant current mode for an equivalent period 
of time (~5 minutes at a charge rate of 10 C), results in a lower SOC 
(—80%) in the hybrid battery electrode (Fig. 5b). For the one-hour 
charge situation, no much difference is noticed between the two 
charge modes. It is noteworthy the impact of the relaxation process 
on the recharge performance of the hybrid electrode especially if fast 
recharge is intended. The ability of PTMA to absorb high current 
loads, operating as an input power buffer and subsequently, deliver- 
ing the stored charge to the high-energy component, illustrates a new 
class of hybrid electrodes with fast charge storage capability through 
simple, user defined protocols. 

Due to the higher redox potential of PTMA as compared to 
LiFeP0 4 , the present hybrid configuration is primarily intended to 
enhance the high recharge capability of the electrode. Power delivery 
of the hybrid electrode is also enhanced due to higher rate perform- 
ance of PTMA. However, the intra-electrode redox synergy is unfa- 
vorable as the redox species equilibration will result in exhaustion of 
charged PTMA + that will affect the subsequent discharge pulses 
(supplementary information: Fig. SI 6). Nevertheless, following this 
rationale, coupling the PTMA with a higher voltage cathode material 
will result in enhance power delivery characteristics, as the charged 
PTMA + will be the favored redox species in the hybrid electrode, 
capable to sustain high discharge rates. Furthermore, the redox 
potential of PTMA could be readily tuned by altering the molecular 
environment of the nitroxide group making possible the realization 
of higher voltage nitroxide supercapacitors 47 ' 48 . Such molecularly 
engineered architectures could be further coupled to other cathode 
materials than LiFeP0 4 , targeting the redox synergy in either rapid 
charge or discharge, extending thus the applicability of the presented 
hybridization scheme. 

The hybridization of the two separate components yields a 
remarkable set of properties. The appropriate redox couples, flat- 
potential profile and elevated specific capacity yet, different redox 
kinetics for PTMA and LiFeP0 4 , offer a hybrid battery electrode 
where the fast electrochemical response of PTMA delays the voltage 
rise during the charge process. This implies significant improve- 
ments for the rate performance, cycle lifetime and safety of 



lithium-ion batteries during rapid recharge. Proper balancing of both 
constituents could lead to a large variety of electrode formulations 
with user designed performances: more LiFeP0 4 for high energy 
density applications at the expense of power energy density, whereas 
the addition of PTMA will result in enhanced power capabilities with 
a lower decrease in the energy density. The hybrid electrode is 
expected to play a significant role for power leveling in solar conver- 
sion - storage units, peak supply and demand for better grids or fast 
recharge of EV's 49 . This novel approach paves the way to new design 
rules for Li-ion battery electrodes and may prove pivotal in pushing 
the performance envelope of Li-ion batteries towards the goal of 
increasing adoption of electric vehicles. Clearly, this unconventional 
hybridization does not result here in a simple addition of the char- 
acteristic features of both components as in the classical case of 
EDLC and battery materials hybridization. 
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